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ABSTRACT 
 
 
Pratt and Whitney-Rocketdyne commissioned the task of analyzing and recommending a new 
workpiece fixturing clamp. The company has been using the same, outdated clamping 
mechanism for decades and are suffering from too high of a changeover time on the clamps 
between jobs. After attending the International Manufacturing Technology Show and seeing 
some of the new technologies available, the company provided a list of potential new “quick-
change” clamping systems to examine. A sampling of three clamps from this list that ranged in 
design characteristics were chosen to see which kind of clamp to recommend.  After a thorough 
process of research and consideration of factors affecting workpiece holding during machining, it 
was decided that a practical approach was best to test and analyze the clamps.  Designing a kind 
of comprehensive “standard test method” that would relate depth of cut and other machining 
variables to force exerted on the clamps was considered, but ultimately deemed impractical since 
it would be impossible to anticipate all the variables of machining configurations that Pratt and 
Whitney may use the clamps with in the future. Any data generated on such an experiment 
would not be very useful to the company. The project was eventually simplified to an analysis of 
each clamp’s ability to withstand tangential force, as these limits would be applicable to any 
future application. An experiment was designed that would apply side force to a clamped test 
block, measure that force, and detect the point at which the test block displaced. Combining that 
data with a qualitative analysis of the clamps themselves, a final recommendation was formed. 
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SECTION I 
INTRODUCTION 
 
 
Project Statement 
Pratt & Whitney Rocketdyne is an aerospace company headquartered in Canoga Park, California.  
Their operation specializes in the design and manufacturing of components for air- and 
spacecraft, including turbines, engines, and space propulsion systems.  A company with an 
impressive résumé of government contracts, they have gained notoriety and respect for their 
involvement in such projects as the Space Shuttle Main Engine, as well as large rockets used on 
the Saturn I, the Delta IV, the Atlas V and Titan propulsion systems, and more.  Their website 
boasts leadership in “groundbreaking engineering solutions that perform in the most extreme 
conditions on Earth and in space” (http://www.pw.utc.com/products/pwr/pwr.asp).  Machining & 
NC Programming Discipline Lead (and technical advisor for this senior project) Bob Lopez 
described their machining operation as very well adapted to machining super-hard alloys into 
complex geometries with extremely high precision and low tolerances. 
     In September 2012, Pratt & Whitney Rocketdyne communicated to Cal Poly a need in their 
organization’s machining operation.  After communicating with the technical advisor and 
another professional at Pratt & Whitney, as well as a visit to the plant in Canoga Park, a full 
understanding of the problem was gained.  For decades, the company’s machining operation has 
used the same system of simple conventional clamps to hold fixtures and workpieces to 
machining tables. These conventional clamps consist of multiple interchangeable parts such as 
T-nuts, step blocks, studs, and stops that must be custom-assembled at each clamp point for the 
fixture.  Although organized well in divided drawers in the plant, the assembling and 
disassembling of all of these clamp components is time-consuming and hurts efficiency in the 
operation.  According to the technical advisor, this task can take up to 15-30 minutes for each 
workpiece that is affixed to the table.  
     In all the years this clamping system has been in place, it has never been reevaluated at the 
company until now.  Recently, the technical advisor attended the International Manufacturing 
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Technology Show and observed several new, single piece clamps. These new clamps, of variable 
height, can slide into a machine table’s T-slot and then be tightened down onto a workpiece or 
fixture in two simple steps. This has the potential to drastically speed up production in their 
machining operation by eliminating most of the time currently spend painstakingly selecting, 
assembling, and adjusting all the components of the conventional clamps.  Pratt & Whitney 
would like to purchase and implement one of these new clamping systems. This project will seek 
to solve Pratt & Whitney’s current problem of inefficient workpiece clamping by testing and 
recommending one of these new clamping systems.  
 
Identify Needs 
Table I - Recognition of Needs 
Rank Clamp Analysis Needs Importance 
1 Withstanding tangential force/workpiece displacement 4 
2 Changeover time 4 
3 Reliability/maintainability 3 
4 Numbers of clamp needed 2 
5 Cost 1 
 
Communication with Pratt & Whitney led to the determination that a clamp’s holding power and 
ability to prevent workpiece displacement were of the utmost importance in their decision on 
implementing a new system.  If they are to put forth the time and effort to change over to a new 
system, it must perform just as well if not better than the existing one while still allowing them to 
conduct the same advanced level of machining that is necessary to their operation.  Changeover 
time was deemed to be of equally high importance.  Any of the new clamps being considered 
should, in theory, prove faster than the current ones, but as this criteria represents the highest 
opportunity for cost savings due to saved time, it should be evaluated very closely.  While it may 
seem unusual that cost of the clamps is ranked last in importance, Pratt & Whitney is looking at 
this purchase as an investment in their future ability to save time and money by ridding 
themselves of the current cumbersome clamp setup process.  There is not much variation in cost 
of the clamps, and the company would gladly accept paying more for a new system that allowed 
them to save up to a half hour in time for every workpiece setup. 
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Background or Related Works 
Since evaluation methods were left largely to the discretion of the students conducting the 
project, much of the background research conducted in the literature review to follow involved 
foundational concepts in workholding. This included an understanding of how a fixture system 
reacts under machining forces, as well as a survey of potential test methods to build upon or 
customize to the endeavors of this project.  While a review of available research did not reveal 
work on evaluating clamp performance for selection, a fair amount of work exists on the analysis 
or modeling of machining forces interacting with the fixture and workpiece.  From these sources, 
information specific to clamping forces was drawn.  Additional research was conducted to gain 
information on how to go about measuring these forces in an experimental context. 
 
Objectives 
The ultimate objective of this project is to provide Pratt & Whitney Rocketdyne with the best 
possible recommendation for a new work-clamping system for their machining operation.  To 
achieve this end-goal, several objectives must be met and completed over the course of the 
project. 
     Given that testing clamps in this manner will be a first for this company, information needs to 
be gathered to allow educated decisions on test-method design. Thus, the first major sub-
objective will be to conduct research, as mentioned briefly in the previous heading and to be 
reported extensively in the next section. The goal here is to gain knowledge of the physics 
involved in workholding, as well as find any similar tests or studies done on clamping systems in 
the past that this project can build upon. 
     When information gathering is complete, the next objective will be to develop viable and 
repeatable test methods for the clamping systems.  These tests will have to produce quantifiable 
data that can be used to compare the conventional system to potential new ones.  The tests should 
be designed to collect data on the criteria outlined above in the Identify Needs heading. 
     The next objective will be to conduct the tests according to the methods developed.  It will be 
important to get baseline, control data on the current conventional clamps in order to have a basis 
for comparison.  New clamping systems to test will be based on a review of products currently 
under consideration by Pratt & Whitney, along with anything that may come up in research. 
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     The final objective to be met prior to recommendation will be to analyze all data 
gathered.  This should involve graphs and other methods of data comparison and analysis. 
Statistical analysis will also be conducted on the raw data to reveal any relevant trends.  Based 
on the analysis, which will take into account the importance of the performance measures as 
ranked above, a clamping system will be selected that best serves the interests of Pratt & 
Whitney Rocketdyne.  The conclusion will include a recommendation of the new system and 
why. 
 
Contribution 
The thinking and testing conducted in the scope of this project will hopefully contribute to the 
continued success of Pratt & Whitney Rocketdyne by markedly improving their efficiency and 
bringing down their production time.  Saved time is extremely valuable in a manufacturing 
environment.   
     Hopefully, this research will further contribute to the manufacturing industry on a whole as 
well.  The practical approach to workholding clamp evaluation taken in this project, along with 
the clear comparison of conventional to specific new systems on the market may be something 
that is more usable and accessible to other companies in the real world. 
 
Scope of Project 
This project’s scope is fairly clearly defined based on the needs and requests of the industry 
client, Pratt & Whitney Rocketdyne.  This project will not involve extensive research into theory 
behind clamping physics, optimal clamping positions, or the like.  Rather, it will seek to build on 
and apply pre-existing studies on these theories for the purpose of selecting a new clamping 
system for the company.  The project will utilize a defined test method to quantify metrics than 
can used to identify advantages and limitations of potential new clamping systems. 
     Based on the company’s prior knowledge of the problem and survey of new clamping 
systems on the market, the number of particular clamps to test is not left wide open.  
Professionals at the company have narrowed down the choices to a handful of new systems that 
interest them based on certain factors like geometry.  While Pratt & Whitney is certainly open to 
any new solutions that come up in the research for this project, the scope of testing will generally 
be limited to systems already of interest to company professionals.
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SECTION II 
REVIEW OF LITERATURE  
 
 
Introduction 
The purpose of this senior project is to analyze a new workpiece clamping system that has been 
introduced to the market and to compare its performance to the existing clamping fixtures used at 
Pratt & Whitney Rocketdyne. The current clamping fixtures used to hold down the work pieces 
at the Pratt & Whitney Rocketdyne facility are outdated. A new type of clamps were considered 
for implementation to improve the changeover time of the clamps, but it was necessary to run 
tests to make sure that the new clamps will meet the expectations. It is important to perform a 
thorough background research for this topic to have a better understanding of what kind of test 
procedures to perform, and at what conditions. Accuracy and repeatability is of utmost 
importance when it comes to these tests. In this section the studies about clamping systems and 
their performance under various cutting forces will be reviewed. 
 
Background Research 
One of the most important aspects of conducting an analysis for any type of clamps is setting the 
clamps in the right location. If the clamps were set up inefficiently, the workpiece will slide out 
during machining and the quality of the part will be compromised. This will especially be a 
problem since Pratt & Whitney Rocketdyne is a company that is known for high-precision parts. 
Working with hard metals and performing deep cuts will also increase the stress on the 
workpiece thus increasing the chance of slippage. Clamps (2008) state that there are 12 degrees 
of freedom which show the movements a workpiece can experience - one for each face and both 
a clockwise and counterclockwise rotation for each axis. A workpiece is considered to be 
correctly located when “the workholding system allows for zero degrees of freedom or motion is 
restricted in all directions for a given location during the machining, assembly or testing process. 
Only one orientation of the workpiece can be correctly placed in the fixture.” Jeng, et.al. (1994) 
shows that there are many different ways to figure out the optimal clamp placements such as the 
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instant center of motion method. Though the positioning of the clamps are crucial, they are not 
actual test parameters. Since figuring out the best clamp locations for every workpiece that Pratt 
& Whitney machines is clearly out of the scope of our project, the algorithms and methods will 
only be used to determine the clamp positions that is needed for the researchers’ testing 
purposes.     
  
Figure 1 - The twelve degrees of workpiece freedom 
 
 
    To better understand the relationship between the workpiece and the force exerted by the 
machine tool, literature was reviewed which elaborated on this subject. When machining, the 
tool will exert pressure which the workpiece will have to withstand. Estimating the magnitude 
and direction of this cutting force gives an idea of how strong the clamps will have to be. Since 
the cutting forces are dynamic and always changing, it is only possible to acquire an estimate of 
the cutting forces. Locating (n.d.) shows one simple method - divide the exerted power by the 
cutting speed.  The power can be determined by the heaviest-cut horsepower multiplied by its 
machine efficiency.  It is then possible to estimate the clamping force required to hold down a 
workpiece. Using clamps with low clamping forces can cause the workpiece to move around, 
while clamps with too much clamping forces can deform the workpiece. It is vital to know how 
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much force is needed to hold a workpiece down to select the clamps with the right minimal 
strength. By doing so the chances of encountering errors and defects will be minimized. 
    When analyzing clamps, it is important to note the different properties and forces the clamps 
can exert. Clamps (2008) lists the different definitions for similar terms. Maximum holding 
capacity is the primary property of clamps, and is the amount of force a clamp can handle. This 
value should never be exceeded when holding a workpiece. Clamping force is the amount of 
force that is desired to hold a part down, and holding force is the actual force needed to keep that 
part held. Finally, exerting force is a vector component of the clamping force normal to the 
workpiece at the clamping point. Holding forces is affected by the properties of the workpiece 
such as the surface finish. If it is smooth, there will be less frictional force on the clamp and the 
holding force would be greater. Other properties include hardness, thickness, shape, and 
orientation of the workpiece. If the different properties weren’t taken into account, it can create 
inaccuracies that can cause a macro-slip, or even a lift off.  Deng (2006) states that unless the 
workpiece and the fixtures are in full-stick, or full contact, the workpiece is unstable. 
 
Figure 2 - Fixture and Workpiece Contact 
 
  
    In order to come up with a method to test the clamps, it is crucial to determine parameters and 
controllable variables. Characteristics of the clamps that Pratt & Whitney was most concerned 
with were the clamping force and the changeover time. One possible way to measure the amount 
of force that is acted on the workpiece is to use a device called the dynamometer, which uses a 
piezoelectric device or a strain gauge to collect data. Panzera, et.al (2011) states that 
dynamometer can be used to gather data both directly or indirectly. The direct method requires 
the dynamometer to be mounted on the machine tool itself which allows the elastic deflection to 
be correlated to electric signals. The indirect method detects the amount of power used by the 
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spindle or feed drive motors and then calculates the feed forces. The direct method is more 
accurate than the indirect method, however the former works better with machines that has 
motors with high sensitivity and response such as computer numerically controlled machine 
tools. Using this device it is possible to devise a comparison between the force acted on the 
workpiece with controllable variables such as depth of cut and the feed rate. 
     To have a better understanding of the relationships between depths of cut and cutting forces, 
it is necessary to identify the different types of the former parameter. In the case of using an end 
mill process, there will be two different depth of cuts. The radial depth of cut is how much length 
the mill cuts off from the workpiece and the axial depth of cut is how deep the mill cuts in each 
path of cutting. Yang,et.al (2005) shows that cutting forces is not affected by cutting speed as 
much as the depth of cut and the feed rate. This is partly due to the fact that an increase in the 
cutting speed heats up the workpiece which lowers its strength. Depth of cut and feed rate 
however, has a linear relationship with the cutting force. When the depth of cut or the feed rate is 
increased, the tool has more area to cut which as a result increases the cutting force. 
     It is also important to note that variations in depth of cut during machining will cause faults in 
the final product. Since depth of cut is correlated to the cutting force, variance can cause the 
workpiece to move slightly. Therefore it is beneficial to record and keep track of said variances. 
It is also important to note that the metal that Pratt & Whitney primarily use is very hard. This 
increases the cutting forces significantly, for example in the experiment that Lalwani, et.al 
(2008) conducted, 100CrMo7metal with HRC of 63 experienced a 50% increase in cutting force 
and a 100% increase in feed an thrust forces compared to the same material with a HRC of 32. 
    Turning hard metals typically require a chamfered or a honed edge to prevent the tool from 
premature fracture. The tool gives a large negative rake angle which contributes to the increase 
in cutting forces and cutting zone temperature. Combining these aspects with a low depth of cut 
and feed rate can cause ploughing effect which can cause material side flow. Lalwani, et.al 
(2008) ran tests and showed that feed rate contributed only 6.61% variability in their feed force 
model and depth of cut contributing 89.05%. The thrust force and cutting force model had an 
even split with 46.71% and 52.6% contribution from the feed force and 49.59% and 41.64% 
respectively from the depth of cut. This gives a better idea of the relationship between certain 
parameters and the different forces acted on the workpiece. 
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    In order to truly evaluate clamping systems, measurement and analysis of the forces acting 
upon them during machining should be conducted.  Much research on this subject has been 
found, albeit indirect research on the specific topic of this project.  One such study, “Dynamic 
modeling of the fixture-workpiece system,” recounts the use of computer software to simulate all 
of the dynamic forces at work over time in the fixture and workpiece during machining (Mittal 
et. al., 1991).  While these simulation methods and the extensive dynamic analysis done go 
outside of the scope of this project, valuable information about clamping forces and other 
information relevant to this report can be gleaned.  According to this work, despite the many 
dynamic forces of machining, clamping force is something that remains “largely constant in 
magnitude and direction” (Mittal et. al, 202).  This certainly makes sense given that a clamp’s 
purpose is to provide as static of a force as possible in the downward direction in order to hold 
the fixture and workpiece in place.  This information will also serve useful to the 
experimentation and analysis of this project, as it simplifies the physics and mathematics needed 
for clamp evaluation.  It would seem to stand to reason that if this static downward force exceeds 
whatever forces may be transferred to it during machining, then the clamp would be capable of 
holding the fixture and workpiece sufficiently.   
     Further research indicates that another factor may be at play, however.  Mittal et. al (1991)’s 
work notes that while clamps may exert static force downward, the forces present in machining 
may be strong enough to actually cause elastic deformation in the materials at the points where 
the workpiece and its locators or clamps contact each other.  This would seem to displace the 
workpiece slightly.  While one may think such a displacement would be a minor issue, it could 
be very significant for a company like Pratt & Whitney whose business depends on being able to 
machine products to extremely tight tolerances.  This information in mind, it may be valuable to 
conduct a simple material analysis on the old versus new clamps to determine any possible 
displacement effects caused by this deformation.  Finally the work also provides valuable insight 
into how placement and setting of clamps affect displacement in the workpiece.  Mittal’s team 
conducted multiple simulations of machining with various clamping force magnitudes and 
determined that (at least for their specific test) a clamping force of 1000 N is recommended to 
keep the workpiece in place during machining.  While tests for this project on materials that Pratt 
& Whitney regularly machine may differ significantly, it is unlikely that clamping forces for 
such a test would need to be drastically greater in a way that might exceed the some 70 kN 
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capacity of some of the clamps Pratt & Whitney is interested in.  However, a variable that will 
affect clamp effectiveness regardless of the holding capacity is the placement of the clamps in 
the fixture-workpiece system.  Mittal, et. al (1991) found that “placement of the clamps in 
relation to locators” is a large influence on accuracy and that “the sequence in which clamps are 
applied is important because it dictates the position and the orientation imparted to the workpiece 
before machining actually begins”.   This is largely just an influence on the intelligent decision 
of where to place any clamp evaluated and not a comment on the clamp itself, but is sure to come 
in handy when testing. 
    Pratt & Whitney were fairly vague on specific evaluation criteria other than the importance of 
holding power and change over time. Understanding the relationship between depth of cut and 
the force exerted onto the workpiece is worth investigating further. It is unknown at the time of 
this Literature Review if designing a test specifically to find this relationship is feasible, but for 
the time being some research into this potential relationship is warranted. Methods of testing will 
be fully explored in the next section. 
     In 2004, the Indian Institute of Information Technology, Design, and Manufacturing, 
published a test method online for measuring cutting forces in a turning operation. Although this 
project’s experiments will be focused on milling, the information on the relationship between 
depth of cut and force found in that work is informative.  The most intriguing part of this 
research, however, involved the experimental setup.  In measuring the forces exerted during 
machining the Institute used a dynamometer mounted to the tool holder.  This device allows data 
on “multicomponent measurement of forces” to be collected while machining is taking place.  In 
the test, data collected with this dynamometer was used to make observations on the effect that 
changing the variables of feed rate, speed, and depth of cut have on cutting forces.  Depth of cut 
was found to have the most effect, with a directly proportional relationship being found between 
it and cutting force ("Cutting force measurement," 2004).  If a relationship like this (even if not a 
directly proportional like for turning) can be established in this project’s experiments, it’s 
possible that a basis for testing the clamps will be found. 
    What may be of more importance to this particular project, however, is how forces are 
transferred into the workpiece, and therefore how much clamping force is required to hold it 
down.  Industrial solutions company Enerpac has a publication called University Workholding 
aimed at educating manufacturers on the points of hydraulic workholding.  An article published 
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on their website gives a series of calculations for determining necessary clamping force given 
certain machining parameters.  Although this is for a hydraulic clamp where the clamping force 
is likely directly controllable on a device when holding work down, the physics still apply and 
given that this project will involve force measurement on the clamps, the information is still 
valuable. 
 
Evaluation of Prior Work 
In meeting with the professionals at Pratt & Whitney, not many detailed guidelines for 
evaluation of clamps were given.  The clamps currently in use by the machining operation have 
been in service for decades, since well before the technical advisor began working at the 
company.  As such, scientific work has never been done on clamp evaluation.  Guidelines were 
given by the company for basic evaluation criteria, but these were results-based criteria based on 
the practical experience of the machining operation, rather than any quantifiable metric on things 
like force or location. 
     That being said, the aforementioned examples of previous studies will prove invaluable to this 
report in giving a solid scientific background to the notion of clamp evaluation.  While the 
studies are detailed and contain much valuable information, they lack the practicality and 
evaluation of various clamps that is the focus of this project.  Studies may provide a model for 
modeling or testing, but they are not tailored to a specific case-study on any real-world 
company’s machining operation, and generally do not compare the advantages and disadvantages 
of specific clamps. 
   This project will seek to build on previous studies by applying theory and test methods, but 
will synthesize that information to develop a customized test method, producing comparable data 
that will result in the actual recommendation of a certain clamp. 
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Table II - Analysis of Prior Work Addressing Project Needs 
# Description of 
Needs 
Covered by 
the 
publication 
Reason 
1 Withstanding 
tangential 
force/workpiece 
displacement 
4 Possible devices to detect the forces were found, and 
there was sufficient research to understand the 
relationship of depth of cut to forces applied to the 
workpiece. 
2 Changeover time 1 No data was collected on this subject. 
3 Reliabilty 1 No data was collected on this subject. 
4 Number of 
clamps needed 
2 There was data that suggested optimal placements 
for clamps, but this changes on the size of the 
workpiece. Also it is not possible to compare the 
amount needed with the older model clamps. 
5 Cost 3 Manufacturers have the necessary information. 
 
The seemingly low scores for the degrees to which the project needs are covered by the 
publications are not indicative of poor research, but rather the unique scope of the project at 
hand. The fact of the matter is that the practical evaluation of clamps for a professional 
machining operation is not a subject that has been well researched at all so far.  The value of the 
Literature Review is in gaining background understanding of factors at play in machining.  It can 
certainly be said that this project will be a significant contribution on the basis of the new ground 
being covered. 
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SECTION III 
PROCEDURE/METHODOLOGY 
 
 
Introduction 
The scope of this project is unique. As previously mentioned, the task of clamp selection for a 
specific company in a specific application does not offer much opportunity for direct inspiration 
from previous studies or works. The prior works explored in the Literature Review section are, at 
large, more theoretical and general. Those researchers are more interested in an understanding of 
the physics behind workpiece-holding in a dynamic machining environment. This does prove 
valuable to this project in the sense that the research offers an understanding of the different 
forces workpieces may undergo during machining. However, for this project to be valuable to 
Pratt & Whitney, the testing done and the results produced must be more practical and focused. 
The engineers at the company, already so well known for producing parts to such exact standards 
in a heavy machining environment, are certainly already aware of the physics at play during their 
operations, and even after selecting new clamps they would still have to draw upon that 
knowledge to determine the appropriate placement and number of clamps on a table for any 
given workholding application they may encounter. It’s not the job of this senior project to 
determine such things, but given the general knowledge gleaned from the Literature Review an 
experiment can be designed that gives the most practical selection information possible for Pratt 
& Whitney.  Since the clamps being tested are already professionally designed to perform the 
function Pratt & Whitney wants, and even already rated by the manufacturer in terms of their 
holding power in a downward direction, the question for this project now becomes: what new 
and valuable test can be designed that will give Pratt & Whitney insight into the clamps that is 
not readily available? 
 
Clamp Selection 
Before any solutions are discussed, one matter that must be addressed is a selection of clamps to 
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test.  Having already been to the International Manufacturing Technology Show and observing 
the usefulness of these new “quick-change” clamps, Pratt & Whitney provided a list of 
manufacturers and suppliers of the clamps that they had seen and were interested in.  Of these, 
the company expressed a “particular interest” in the Lenzkes Multi-Quick series of clamps 
(further elaborated on below). 
      The links that Pratt & Whitney provided for clamp manufacturers and suppliers were 
reviewed, the goal being to get a decent sampling of different designs of quick-change 
clamps.  Ultimately, 3 different clamps were selected: 
1. Lenzkes Multi-Quick 60 
Figure 3 - Picture of Lenzkes Multi Quick 60 
 
 
     Prior to the start of the project, this clamp was the one favored by Pratt & Whitney, 
likely for its simplicity. As with all of these clamps, it slides into a machine table very 
quickly with a simple bolt and T-slot (a marked improvement over the multi-component 
step blocks currently in use). However, unlike the other clamp selections, this one’s 
mechanism for clamping the arm down is quite simple – just a thin piece of bendable 
metal on the inner slot between the arm and body of the clamp that gives minor spring 
action for when the clamp is raised or lowered. This design could possibly make for a 
less durable clamp, but seems to also require the least maintenance of any of the others. 
2. Kopal Mono-bloc 
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Figure 4 - Picture of Kopal Mono-bloc 
 
     The Kopal design’s strength seems to be its more versatile range for one clamp model; 
its potential clamping height is the greatest of any of these clamps (the Multi-Quick series 
is capable of achieving larger clamping heights, but this is either by outside attachments 
or by purchasing differently dimensioned part numbers of the same design).  For this 
reason, the Kopal has a larger space footprint, which may or may not be an issue for Pratt 
& Whitney.  It uses a kind of internal gear mechanism for raising and lowering the arm, 
which may make any potential maintenance more difficult. 
3. Halder EH23690 
Figure 5 - Picture of Halder EH 23690 
 
     The Halder clamp seems to combine the general form factor of the Multi-Quick with 
the more sophisticated mechanisms of the Kopal. One matter of note when first handling 
this clamp was the amount of grease present. The grease seemed to make the already 
difficult to slide into place arm easier to move, but the designs continued need for grease 
may prove to be a disadvantage. 
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     The manufacturers already rate the clamps for the amount of force they can clamp in the 
down direction.  Specific parts of these clamp models were selected to have generally similar 
force ratings so that the testing done will compare them by the merits of their design. The task 
that any testing solution must tackle is finding solid data that compares holding power of the 
clamps other than the simple downward force rating. 
    The existing step block clamps that Pratt and Whitney are using consist of two main pieces – 
the clamping block which comes into contact with the workpiece to hold it down and the steps 
that are used as a rest for the clamping block. The steps allow the operator to set up the clamps at 
the height desired. A nut and bolt are then used to secure the clamping block against the steps 
and the fixture. The problem with these clamps is the difficulty in locking the steps together just 
right and piecing all the components together to make a secure hold. Specificity in clamping 
range is also limited by the increments of the steps themselves. 
Figure 6 - Picture of Existing Step Clamps 
 
 
Developing Alternative Methods/Procedures/Solutions 
Research has shown that in reality it will be too difficult to relate machining forces from a CNC 
mill to tangential force which is the cause of workpiece slippage.  Devising a standard test 
method with recordings for all parameters such as depth of cut would be too complicated of a 
process. There is not enough study done on the relationship between different machine set ups 
(feed rate, depth of cut, etc.) and the forces the workpiece encounters. Recommendation of these 
clamps under such a test will be difficult without having a thorough understanding of these 
relationships and an unreasonable amount of time and resources to address everything. There are 
simply too many variables when taking these parameters into consideration and it would not fit 
the scope of the project. There is also a possibility that the milling machine would not provide 
enough force for the product to move. By adjusting settings to try and test the clamps to failure, 
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the machine might fail, making this procedure dangerous. Also, quantifiable data is needed for 
analyzing the clamps, if the original method were to have been incorporated, a standard for 
workpiece defect must be established. Without it, the only way to tell that the clamp has failed 
would be visual inspection. To get around this problem, it would require expensive products to 
sense and inspect such failures. Another reason as to why testing the workpiece on a running 
machine would not work out quite as well is that Pratt & Whitney will not be using the same 
kind of machine and settings as the one that may be done in testing. Since the scale of the 
operations is so different, it is better to have a process that will find numerical data applicable to 
all of the possible clamps.  This way Pratt & Whitney will be able to tell at a glance how well the 
clamps will perform. Pratt & Whitney has clarified that measuring the tangential force required 
for workpiece slippage would be the best method to analyze the clamps. Furthermore the use of a 
dynamometer proved to be too expensive for the purpose of our project. There must be a more 
simple and practical method to test the clamps. 
     For any testing done to be valuable to Pratt & Whitney, an experiment must be designed that 
gives a clear, relatable metric on a variable that is independent of the machining environment.  
The reason prior solutions (like the aforementioned “standard test method” that took machining 
factors into account) were deemed unsuitable was that they depended on relating one or more 
specific machining variables to another that wouldn’t necessarily hold true for the variety of 
machining applications Pratt & Whitney would need the clamps to be suitable for.  A test of 
holding power done by machining a pattern on a workpiece to see if the workpiece displaces 
would be almost useless to Pratt & Whitney, who will always have more intense machining 
applications to put the clamps through that are impossible to predict and test for. In addition, an 
attempt to relate any specific machining variable to force exerted on the clamps would generate 
useless and error-filled data, since it cannot be definitively said, for example, that there is a 
direct, exclusive relationship between depth of cut and force exerted. An experiment like this in 
an actual machine cannot be controlled to the point where only one variable is being modified 
and examined at a time – there is too much going on in such an environment and such study goes 
outside the scope of this project. 
     A test, such as the one depicted below, could be designed that makes use of the machining 
table to secure the clamps like they would actually be used, but would generate useful, non-
machine-specific data on the amount of tangential force the clamps can withstand.  
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Figure 7 - Experimental Setup of Ram, Test Block, Clamps, and Dial Gauge 
 
  
     This straightforward approach with one variable involves a hydraulic ram that can be used to 
push on the side of a test block while it is being clamped down. The test block will be low 
carbon steel with a length and width of 3.5” and height of 1.75”.  The 1.75” height is of 
particular importance because it is within the range (1.575” – 1.772”) of clamping heights for all 
of the tested clamps.  A dial gauge will be set up on the opposite end to detect and measure any 
slippage that will occur, down to five ten-thousandths of an inch. When the ram exerts enough 
force for the test block to move, it will push up against the dial gauge probe giving a readout of 
how much it was displaced. The dial gauge will be zeroed with the reading probe slightly 
depressed to detect movement in the other direction as well. There will be a pressure gauge 
attached to the ram that can be used to calculate the amount of force the ram was exerting. The 
ram will push up on the test block until it slips and the force will be recorded along with the 
degree of slippage when this happens. An alternative method for applying tangential force would 
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be to use a type of lead screw to manually push the test block. However achieving such a high 
amount of force manually may be difficult. For similar reasons, using a load cell to measure 
force may not be the best alternative for the pressure gauge. Since such a high amount of force is 
being exerted, the load cell will be too expensive and big for it to fit into any of the work 
fixtures. Load cells are designed more for precise and smaller increments of weight thus the 
pressure gauge was the best choice of operation. 
     The material selected for the test block was so that the clamps will not deform the test block 
from excessive clamping force. This may compromise the integrity of the test results. The test 
block will also need flat sides so that the hydraulic ram can push up against it without the force 
being spread in other directions. This is also true for measuring slippage since uneven and 
uncentered dial gauge setup would throw off the recordings. The test block will be held by two 
clamps on opposite ends of each other with the dial gauge and the hydraulic ram set up on the 
other two faces. There will be a backstop secured on the table behind the ram. The testing will be 
done with the rest of the clamps using the same procedure. 
      Each of the clamps will be tested to failure ten times to ensure that the results are constant 
and without deviation. The average tangential force to move each clamp will be compared and 
the one with the highest force will be the best clamp in terms of performance. Standard deviation 
will also be taken into account since the clamps will have to be reliable. The tangential force will 
be calculated using the equation F = P x A where F is the force, P is the pressure, and A is the 
area of the ram that is in contact with the workpiece which is 1.16”.  
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Figure 8 - Experimental Setup Including Hydraulic Pump and Inline Pressure Gauge 
 
 
Data Collected 
Upon initial testing, it was evident that the workpiece only slips in small increments when 
enough force is applied. Thus, with careful operation of the hydraulic ram, it was possible to stop 
the ram when the workpiece slipped a specific distance. Data was gathered for all of the clamps 
when the workpiece had slipped a distance of .001 inches and .003 inches. This was done to 
easily compare the clamp's performance by having a constant variable. This also shows that the 
test method used was highly repeatable as well. Tangential force was applied to the ram until the 
workpiece moved .003 inches to see how well the clamps held up after the initial slippage has 
occurred. Although any slippage will be a failure in terms of Pratt and Whitney's strict 
machining procedures, the information will be useful for when a micro slippage actually occurs 
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during an operation. If a clamp's performance significantly decreases after the initial slippage, it 
will cause disastrous problems when the problem arises. 
     Below are the data tables with all trials and all the tangential pressure and force limits for 
displacement of .001” and .003”.   
 
Table III - Force Limit Data For Traditional Step Clamps 
Traditional Step-Block Clamps 
Trial 
PSI at .001 
displacement 
PSI at .003 
displacement 
Force limit at 
.001"(lbs) 
Force limit at 
.003"(lbs) 
1 420 480 362.0689655 413.7931034 
2 340 410 293.1034483 353.4482759 
3 330 370 284.4827586 318.9655172 
4 320 370 275.862069 318.9655172 
5 375 425 323.2758621 366.3793103 
6 430 490 370.6896552 422.4137931 
7 340 390 293.1034483 336.2068966 
8 350 390 301.7241379 336.2068966 
9 440 490 379.3103448 422.4137931 
10 330 370 284.4827586 318.9655172 
average 367.5 418.5 316.8103448 360.7758621 
standard deviation 45.78027232 50.33498894 39.465752 43.39223184 
max 440 490 
min 320 370 
range 120 120 
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Table IV - Force Limit Data For Lenzkes Clamps 
Lenzkes Multi-Quick 60 
Trial 
PSI at .001 
displacement 
PSI at .003 
displacement 
Force limit at 
.001"(lbs) 
Force limit at 
.003"(lbs) 
1 450 540 387.9310345 465.5172414 
2 440 510 379.3103448 439.6551724 
3 430 550 370.6896552 474.137931 
4 420 510 362.0689655 439.6551724 
5 460 520 396.5517241 448.2758621 
6 440 550 379.3103448 474.137931 
7 400 490 344.8275862 422.4137931 
8 470 500 405.1724138 431.0344828 
9 500 600 431.0344828 517.2413793 
10 440 530 379.3103448 456.8965517 
average 445 530 383.6206897 456.8965517 
standard deviation 27.58824226 31.97221016 23.78296747 27.56225013 
max 500 600 
min 400 500 
range 100 100 
 
Table V - Force Limit Data for Halder Clamps 
Halder EH 23690 
Trial 
PSI at .001 
displacement 
PSI at .003 
displacement 
Force limit at 
.001"(lbs) 
Force limit at 
.003"(lbs) 
1 480 500 413.7931034 431.0344828 
2 550 630 474.137931 543.1034483 
3 420 500 362.0689655 431.0344828 
4 480 520 413.7931034 448.2758621 
5 440 510 379.3103448 439.6551724 
6 625 650 538.7931034 560.3448276 
7 470 540 405.1724138 465.5172414 
8 510 570 439.6551724 491.3793103 
9 520 580 448.2758621 500 
10 530 570 456.8965517 491.3793103 
average 502.5 557 433.1896552 480.1724138 
standard deviation 58.84301148 52.92552419 50.72673403 45.62545189 
max 625 650 
min 420 500 
range 205 150 
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Table VI - Force Limit Data for Kopal Clamps 
Kopal Mono-bloc 
Trial 
PSI at .001 
displacement 
PSI at .003 
displacement 
Force limit at 
.001"(lbs) 
Force limit at 
.003"(lbs) 
1 270 300 232.7586207 258.6206897 
2 260 290 224.137931 250 
3 260 290 224.137931 250 
4 280 310 241.3793103 267.2413793 
5 310 340 267.2413793 293.1034483 
6 260 310 224.137931 267.2413793 
7 255 300 219.8275862 258.6206897 
8 270 310 232.7586207 267.2413793 
9 290 340 250 293.1034483 
10 280 325 241.3793103 280.1724138 
average 273.5 311.5 235.7758621 268.5344828 
standard deviation 17.00490125 18.26502426 
max 310 340 
min 255 290 
range 55 50 
 
Figure 9 - Comparison of Side Pressure Limits for .001" Displacement 
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Figure 10 - Comparison of Side Pressure Limits for .001" Displacement 
 
 
Statistical Analysis of Data 
After examining the data tables and graphing them, it was necessary to conduct a more in-depth 
statistical analysis on it to determine scientifically if it can be said that any of the clamps are 
better than others purely on the basis of tangential force limits. A round of testing shall be 
conducted for the force data at the .001” displacement level, and followed by a second round for 
the .003” displacement level. 
     Given that tests were conducted on four different clamps, there were four different samples, 
and therefore four means generated by the data. Therefore the first necessary test to conduct is a 
4-sample ANOVA test.  This test will first detect if it can be said with a certain confidence level 
that at least one of the means is different from the others. 
     First, hypotheses were formed for the test: 
  H0: µ step-block = µLenzkes = µHalder = µKopal 
  H1: At least one of the means is different 
 
     A 95% confidence interval will be assumed.  Therefore, a P-value for the test statistic must be 
less than .05 to reject H0 and say with 95% confidence that the means are different from each 
other 
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     Below are the results of the ANOVA test for PSI limits of the clamps for the .001” 
displacement level: 
Figure 11 - ANOVA Test - Clamp Data at .001 Displacement 
  
 
 
     As can be seen, the P-value is less than .0001 for this test. Therefore it can be said with any 
reasonable level of confidence that at least one of these means is significantly different from the 
others. 
     Taking this a step further, a Tukey test will determine if any of the means are grouped 
together. This was performed with all four samples; the results shown below: 
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Figure 12 - Tukey Test for Determining Statistical Grouping Among Means - .001" 
Displacement 
 
 
     As can be seen, the test determined that none of the means are statistically grouped 
together.  This gives us a clear basis for comparing the means of the samples against each other 
to say that one clamp is better than the other in terms of tangential force limits. 
     Examining the data and the results of the prior two statistical tests, it can be seen the the top 
two clamps in terms of mean tangential force limits are the Halder and Lenzkes 
clamps.  However, the data also shows the Halder clamp to have a significantly higher standard 
deviation in data values than any of the other clamps.  Given this high variance, a 2-sample t-test 
was performed just among the Halder and Lenzkes clamps to see if the variance might affect the 
determination of different means between the two. The hypotheses for this test are as follows: 
  H0: µHalder - µLenzkes = 0 
  H1: µHalder - µLenzkes > 0 
 
     Once again, a P-value of less than .05 will be enough to reject H0 (due to the desired 95% 
confidence interval) and say that the Halder clamp does indeed have a higher mean than the 
Lenzkes. The results of this test are shown below: 
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Figure 13 - 2-Sample t-test to compare Halder to Lenzkes - .001" Displacement 
 
 
     Given the P-value, it can in fact be said with 99.23% confidence that the mean tangential 
force limit of the Halder clamp is higher than that of the Lenzkes. 
     The results of all of the above statistical tests show that at the .001” displacement level, the 
Halder sustained the most tangential force, the Lenzkes being second, and then traditional step 
clamps and Kopal after that. 
 
     These same statistical tests were also performed for the data gathered at the .003” 
displacement level.  Once again, a 4-sample ANOVA test was performed first to determine 
whether or not at least one of the means is different for these samples, using the same hypotheses 
again: 
  H0: µ step-block = µLenzkes = µHalder = µKopal 
  H1: At least one of the means is different 
 
     Once again a desired confidence interval of 95% will be assumed, rejecting H0 with a P-value 
of less than .05: 
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Figure 14 - ANOVA Test - Clamp Data at .003" Displacement 
 
 
 
     Again, the extremely low P-value means that it can be said at any reasonable level of 
confidence that at least one of the means of the four samples is different from the others. 
     Accordingly, Tukey test was performed next again to determine possible groupings amongst 
means of the samples: 
 
Figure 15 - Tukey Test to Determine Statistical Grouping Among Means - .003" Displacement 
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     This time (for the .003” displacement level), the Tukey test is showing that the means of the 
Halder and Lenzkes clamps (the clamps with the two highest mean force limits), are statistically 
grouped together (the same). 
     To examine these two clamps more closely, a 2-sample t-test was again run on the Halder and 
Lenzkes clamps to detect difference between their means. Hypotheses again are: 
  H0: µHalder - µLenzkes = 0 
  H1: µHalder - µLenzkes > 0 
 
     The results of the test are as follows: 
 
Figure 16 - 2-Sample t-test to compare Halder to Lenzkes - .003" Displacement 
 
 
     The results show that for this round of testing at the .003” displacement level, it cannot be 
said that the Halder’s mean force limit is any higher than the Lenzkes with the desired 95% 
confidence interval.  If the confidence interval was lowered to 90%, then a minor difference 
could be noted. 
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SECTION IV 
RESULTS/DISCUSSIONS 
 
 
Introduction 
As previously stated, the purpose of this project is to ultimately recommend a new clamping 
system to Pratt & Whitney. Also previously stated, the primary characteristics to judge the 
clamps on include ability of the clamp to withstand tangential force and the changeover time 
(otherwise stated as ease of positioning/setup). The data collected was displayed in the previous 
section and thorough statistical tests were done on it.  In order to formulate a recommendation, 
the implications of this data must be discussed and considered alongside a qualitative analysis of 
the clamps.  This will all be explored in this section. First, a discussion on the advantages and 
disadvantages of alternative test methods is necessary, including why the test method used was 
ultimately the one chosen. 
 
Discussion of Advantages/Disadvantages of Alternate Solutions 
Force Appliance: There were two types of hydraulic ram that could have been used to push on 
the test block; a closed system bottle jack and a ram using a hydraulic system. Though the bottle 
jack was more portable and easier to affix on the table, having a pressure gauge set up with it 
would have been very difficult for someone without expertise on the subject. The hydraulic 
system required more space, equipment, and connections. This meant that there was potentially 
more room for error. The hydraulic system included a pump, hydraulic fluid, hoses, and the ram 
itself. It was necessary to have the proper thickness (gauge) connecting hoses to ensure that the 
system would operate correctly. There was also the possibility of the system malfunctioning, 
which could have been a potential hazard, but this threat was minimal. Ultimately this solution 
was deemed the best for the ability to fairly simply incorporate a pressure gauge by using an 
inline T-fitting on the hosing between the pump and the ram. 
      The alternative to the hydraulic rams would have been to use a lead screw to apply force on 
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the test block. This would have been the simplest method to apply force, and for this reason had 
its own pros and cons. An advantage was that it would have been cheap to acquire and be able to 
carefully adjust the amount of force exerted. The very major downside of the lead screw was that 
it would have been hard to set it up on the machine table, and that the force would have had to be 
measured using an external device. There was also a possibility that a lead screw may not 
provide a high enough force output to cause the test block to slip. These limitations led to the 
dismissal of this idea from consideration in the final test method. 
 
Force Measurement: There were also multiple methods to record the output force of the force-
applying devices. A dynamometer as discussed earlier may have provided accurate 
measurements but it was too expensive to obtain.  Furthermore, the dynamometer would not 
have provided much advantage over other force-reading devices since the test would have only 
required force to be read in one direction. The dynamometer was the first considered option 
because the test was initially planned with using the milling machine to run cuts on a workpiece 
to test the holding power of the clamps. These test methods however eventually thrown out so 
that the dynamometer would be unnecessary. The load cell was another alternative for a force 
measurement device. The load cell would have provided highly accurate data which could have 
precisely pinpointed the amount of force it took to move the test block. It would also have been 
easy to set up, as all that would have been needed is placement between the test block and the 
ram. As with any other device, there were disadvantages to a load cell. First the load cell only 
operates within a certain range. This means that prior to testing, it would have been necessary to 
know how much the ram would exert in order to obtain any valuable data. This was a problem 
because the purpose of the test is to find out that force and without testing it, it would be difficult 
to have a ballpark of the output force. Not to mention that load cells are meant for low value 
force readings. Though they can provide precise recordings, if the clamps could withstand a 
substantial amount of force the load cell would have had to be of according range. This could 
have made the load cell very expensive, and there was a estimated likelihood of the clamps 
withstanding more than a ton of tangential force (this was later found to not actually be the case).  
     Given that the dynamometer and the load cells were not suitable for the testing method, the 
pressure gauge was deemed to be the most fitting force measuring device to use. It may not be as 
accurate as a precise device like a dynamometer, but it suited the needs of this project fine and 
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generated useful data. It had to be attached to a hydraulic system via an inline T-fitting between 
the hoses for it to function, but since the hydraulic ram was the force application method decided 
upon, this was the most appropriate method. The low cost and ease of acquisition was another 
reason to use this over the other devices. 
 
Test Table: Having all of the testing components fit in an existing machine table was a 
challenge in itself. Since the machine table on the CNC milling machine was enclosed in a case, 
it was difficult to arrange everything and physically move around the setup to manipulate it. The 
standard Bridgeport milling machine was open but had a narrow table that would have made it 
difficult to arrange the equipment. An alternate solution to these problems was to make a custom 
testing board that can fit all of the necessary components. With this, there would have been no 
size constraints and the design could have been be as large or as small as desired. On the other 
hand, the testing board would not have had t-slots to slide the clamps into; instead they would 
have been bolted onto the board itself. Machining a test board with would have been difficult and 
costly, and would have eliminated the possibility of having a t-slot. This means that although 
testing could have been performed, the clamps would not be under the same work environment 
as an actual machining operation. The testing table also would have made it impossible to 
simulate changeover time. One of the primary reasons Pratt and Whitney wants new sets of 
clamps for their facility is to have a shorter changeover time between clamps. With the test 
board, it may have been possible to figure out the properties of the different clamps but it would 
have made it impossible to find out how much time and how easily it would really take to change 
them out. Since there are so many variables that can affect the forces being acted on the 
workpiece during machining, it was important to have a simulation that is close to the actual 
operation as possible. 
     In summary, the final test configuration settled on was a hydraulic ram kit with an inline 
pressure gauge to measure the force on the table of the CNC machine in the Cal Poly Industrial 
Technology Metal Lab. The table below summarizes the aforementioned thought processes by 
giving numerical comparisons of all the initial alternatives. 
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Table VII - Analysis of Force Measurement Alternatives 
Needs Dynamometer Load Cell Pressure Gauge 
Precise Measurement 5 5 3 
Cost 1 1 5 
Ease of setup 3 4 4 
 
Table VIII - Analysis of Force Application Alternatives 
Needs Hydraulic Ram 
(bottle jack) 
Hydraulic Ram 
(System Kit) 
Lead Screw 
Amount of Power 4 5 1 
Cost 4 2 5 
Ease of setup 4 2 3 
 
Table IX - Analysis of Test Surface Alternatives 
Needs Machine Table 
(CNC) 
Machine Table 
(Bridgeport) 
Test Board  
Correct configuration 5 4 2 
Ease of setup/amount 
of space 
3 3 5 
 
 
Data Analysis 
    After testing it was discovered that the Halder clamps were able to withstand the most amount 
of tangential force. Lenzkes came in second, traditional step clamps third, and finally the Kopal 
came in at a distant fourth.  From the statistical analysis of the data in the previous section, it was 
deemed that the Halder clamp had the highest mean tangential force limit for the .001” 
displacement level.  However, it is also worth noting by examining the data that the Lenzkes 
clamp showed much greater consistency in its force limit values. The very high standard 
deviation for the Halder tests compared to the Lenzkes tests show this.  Reliability and 
consistency in holding power is something Pratt & Whitney should consider in their final 
decision. 
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      To ensure that each and every clamp gets a thorough analysis, the data was first interpreted 
individually before it was compared with the rest. Starting off would be the step clamps that Pratt 
and Whitney has been using all of this time; this clamp would be the control which will be used 
as the primary comparison and will be compared against when making recommendations. What 
separates the step clamps from the rest is the fact that the clamp comes in two separate pieces. 
This is the primary reason as to why this clamp takes significantly longer to set up compared to 
the rest of the clamps which have separate pieces but come assembled. The amount of force it 
took to move the test block .001” from under these clamps were on average 316.81lbs. This 
value was the third highest when compared with the rest of the clamps. Though the step clamps 
fell short in almost all of the data parameters gathered, there was one aspect of the clamp which 
proved to be better. The range of clamping heights the clamp can hold down is unrivaled. Since 
all of the other clamps are designed for a specific height range, they have a limited range. The 
step clamps however can clamp down workpieces as long as the steps used accommodate the 
height of the workplace. Though this may seem like it will come in handy, this advantage will 
not be as useful since other clamps will have appropriate models for different workpiece sizes.  
      The first of the new clamps that went through the test procedure is the Lenzkes Multi Quick 
60. The average tangential force exerted to move the test block .001” was 383.62lbs and 
456.89lbs to move the test block .003”. The Lenzkes clamp had the second highest average of 
tangential force required, losing only to the Halder clamps. What made this clamp stand out from 
the rest is the fact that it had small standard deviation while keeping a high holding power.  
     The Halder EH 23690 clamps resulted in both the highest maximum holding force and the 
highest average holding force, each coming in at 538.79lbs and 433.19lbs at .001” displacement 
respectively. This value was higher than Lenzkes by 49.57lbs on averag. As stated earlier in this 
section the Halder clamps did suffer from poor consistency. These clamps had the highest 
standard deviation of 50.72 lbs. 
     Finally the Kopal clamps had an average holding force of 235.77lbs. This value is 
significantly lower than the average holding force across all of the clamps despite having the 
highest advertised clamping force. The difference in the average holding force between the 
Kopal and the step clamps were 81.03lbs.  The low tangential force limit, combined with its 
unnecessarily complicated design, the Kopal clamps were determined as the worst clamp out of 
all of the tested samples including the step clamps. The Kopal clamps needed special bolts to 
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affix it onto the machine table which increases cost and reduces interchangeability. The special 
tool required to attach the clamps onto the table had to be used at an awkward angle which can 
cause workers to attempt several tries before completely tightening the clamps on the table. In 
addition, attaching the clamps to the table is only possible when the clamping arm is raised to its 
maximal height. Though this clamp has superior vertical range compared to the other two new 
clamps, it negates its advantage due to its poor reach. The other two clamps provided multiple 
bolt holes to attach the clamp itself to the table, which was used to make major changes in terms 
of the clamping reach. There was also a sliding mechanism to fine tune the reach to the desired 
length. Both of these options were non-existent in the Kopal clamps which severely hurt the 
flexibility of the clamps. The only positives that these clamps had compared to the others was 
that it had minimal range and standard deviation.  The clamps showed consistent results 
throughout the test having an average standard deviation of 14.65lbs for .001” displacement and 
15.75lbs for the .003” displacement. Despite this fact, this clamp simply does not provide enough 
holding force for it to be a viable option for Pratt and Whitney. 
 
Implications of Statistical Analysis 
     The data and statistical tests from the previous section show that, at least purely based on the 
characteristic of withstanding tangential force, that the Halder EH 23690 is a stronger clamp, the 
Lenzkes Multi Quick 60 being the second strongest. The interesting thing that the testing 
showed, however, is that while it takes more tangential force for the test block to displace from 
under the Halder at the .001” level, displacement at the .003” level occurs at roughly the same 
level of force for both the Halder and Lenzkes. In other words, initially displacing objects from 
under the Halder takes more force than with the Lenzkes, but once those clamped objects begin 
to displace, it takes comparatively less force to displace it further than it does from under the 
Lenzkes. 
     It is important to stress that Pratt & Whitney should be aware of these results from force 
testing - that if holding power was the only aspect worth considering, the Halder is the clear 
choice of clamp. A final recommendation from this project however, will be based on a more 
comprehensive analysis that includes qualitative aspects of the clamp design, which may produce 
a different choice. Such analysis is further discussed below. 
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Qualitative Analysis of Clamps 
Table X - Analysis of Qualitative Clamp Aspects 
 Step Block 
Clamps 
Lenzkes Multi 
Quick 60 
Halder EH 
23690 
Kopal Mono-
bloc 
Ease of 
placement/ 
positioning 
 
2 5 3 1 
Ease of 
clamping down 
 
1 4 4 5 
Simplicity of 
design 
 
4 5 3 2 
Maintainability 
 
5 4 3 3 
Totals 12 18 13 11 
 
Quality and design aspects of clamps were taken note of when testing was being done. These 
parameters, which were quite important in making the final clamp recommendation, consist of 
the ease of placing and positioning the clamp onto the table, the ease of tightening the clamps 
onto the test block, the simplicity of the design, and the projected maintainability of the clamp. 
Looking at the table, it is possible to tell by a glance which clamps performed the best. The 
Lenzkes clamp had the highest scores in all of the categories except for one.  
     In terms of placement, the Lenzkes scored a five due to it having no problems when 
performing this procedure. Comparatively the Kopal clamps scored one due to its requirement 
for a special tool which was difficult to use, as well as the requirement of an additional 
attachment to be able to slide the clamp backwards and forwards after secured in the T-slot. The 
Halder clamp scored a three due to the significant difficulty in slide the top portion of the clamp 
back to its base (despite adequate lubrication). The clamp had to be slotted through two grooves 
which made it fairly tricky to assemble. The step blocks obviously scored low due to the very 
difficulties Pratt & Whitney has experienced with them that led to the birth of this project. 
     As for the actual ease of tightening the clamp onto the test block, Lenzkes scored a four along 
with the Halder clamp, which lost out to the Kopal clamp. The Kopal clamp scored a five here, 
one of it only positives due to the special tool used to tighten it down. Although the same tool 
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was inconvenient to tighten the clamp to the table, the design of the tool allowed an operator to 
use both hands to tighten the clamps. The Lenzkes and the Halder scored a four; there were no 
problems tightening the clamps with a wrench but the lack of capability to tighten with both 
hands made it sightly harder to apply torque. The step clamps scored the lowest here due to the 
time it took to correctly set up the clamps when tightening them down. The two pieces would 
slide around when tightening the piece which had to be adjusted later. 
     In terms of the simplicity of design Lenzkes scored a five, Halder a three, Kopal a two, and 
finally the step clamps a four. While the step block does not have any kind of mechanics to it, it 
scores ever so slightly lower on simplicity due to the difficult to organize interchangeable parts 
that are difficult to lock into place on the table. The Lenzkes, like the other new clamps, offers 
the simplicity of quickly sliding onto the table and clamping down, but unlike the other quick-
change clamps, has the most simple two-piece design that makes no use of internal gears and just 
uses a simple small piece of flexible metal to guide the top part of the clamp up and down. 
     The maintainability parameter is a qualitative measure of how much maintenance the clamps 
will require. This parameter also covers the likelihood of the clamps requiring repair or 
replacement in the future. Any new clamp using mechanics for quick-change capabilities is 
potentially going to be less durable and/or require more future maintenance than the 
interchangeable metal blocks that make up the current clamps (hence the high score for step 
blocks). However, the new clamps tested have different mechanical designs that will make for 
varying degrees of maintenance among them. The Lenzkes wins again here when compared to 
the Halder and Kopal clamps, since its simple design has no internal gear mechanism and 
requires no lubrication. 
    Overall, the Lenzkes clamp is a clear winner in qualitative analysis. This will factor into the 
data analysis from force testing when a final recommendation is formed below. 
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SECTION V 
CONCLUSIONS/OBSERVATIONS 
 
 
Summary of Project 
Throughout the course of two academic quarters, an extensive process of brainstorming, 
conducting research, designing and building an experimental setup and running tests that 
pertained to our project was completed. The first quarter was dedicated to understanding the 
problem and the scope of the project. In order to do so, a visit to the Pratt & Whitney-
Rocketdyne facility in Canoga Park was warranted. Speaking with the two technical advisors 
provided valuable insight on the entire project. Once the full scope of the project was recognized, 
literature review was conducted. Here, knowledge on machine workholding and other physics 
involved with it was obtained.  
     Come second quarter, different methods for testing were brought up and discussed. Keeping 
in touch with Pratt & Whitney and talking to other helpful professionals, the final test procedures 
slowly started to take place. The necessary equipment, which included clamps, a dial gauge, a 
pressure gauge, a hydraulic ram, a test block, and fastening hardware were obtained from various 
sources. This was arguably the most challenging part of the project due to the specific 
sizes/requirements of many of the components for this unique test. An initial test was conducted 
to make sure there were no errors and if there were any, fixed. After revising the test method, a 
final test was done on all four of the clamps. Data was compiled and analyzed to come up with a 
recommendation for Pratt & Whitney.  
 
Conclusions (Final Recommendation) 
Given a critical analysis of the data gathered, combined with a qualitative analysis of the 
advantages and disadvantages in the design of the clamps, the Lenzkes Multi Quick 60 was 
deemed the best clamp to recommend to Pratt & Whitney. While statistically speaking, the 
Halder EH 23690 clamp had the greatest mean tangential force limits, the Lenzkes data showed 
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greater consistency while still performing quite adequately from a force standpoint. Combining 
that with the qualitative aspects of the Lenzkes design which made changeover time quickest for 
that model, the recommendation of Lenzkes over Halder stands. This is a good outcome. Pratt & 
Whitney already communicated a slight preference to the Lenzkes clamp in the early stages of 
the project, and now the results of this project can provide affirmation of their decision.  The 
final decision obviously rests in Pratt & Whitney’s hands.  They have a better idea of the 
tangential force that their new clamps will be exposed to in the future, and if they deem that 
greater average tangential force resisting is the only thing worth considering, the data of this 
project could also support that decision toward the Halder. 
 
Project Learning 
The lessons learned from this project were many. From a technical standpoint, valuable 
experience was gained in experimental design. It may have seemed contrary to common sense at 
the beginning of the project, but a simpler experimental design ended up serving the project 
much better and generated more valuable data for Pratt & Whitney. Another lesson learned was 
the value in networking with experts in the research process. For our unique project in particular, 
formal research of literature could only bring the project so far, and it was the valuable input of 
expert Cal Poly professors and the technical advisor that brought the project from theory to 
reality. 
 
Knowledge and Skills Integrated from Industrial Technology Coursework 
Valuable skills from IT classes were utilized and honed in the course of this project as well. The 
table below lists relevant coursework and how skills were integrated: 
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Table XI - Use and Integration of Skills from Relevant Coursework 
Industrial Technology Courses 
Slightly 
Used 
Moderately 
Used 
Heavily 
used 
Knowledge / Skills 
Used 
IT 150 Industrial Power Systems X 
Mechanisms behind 
hydraulic systems 
IT 260 Manufacturing Processes X 
Modifying certain 
parts to work with 
testing. 
IT 326 Product Evaluation X 
Analyzing and 
recommending the 
clamps tested. 
IT 329 Industrial Materials X 
Used in selection of 
equipment including 
the test block 
IT 445 
Computer Numerical 
Control and Robotics X 
Setting up the CNC 
table for conducting 
tests. 
Support Courses 
STAT 
217 
Introduction to Statistical 
Concepts and Methods X 
Conducting statistical 
analysis 
 
Open Problems 
Potential faults with the test methods can be considered. One of the problems with this test is that 
the hydraulic ram can only apply pressure on a flat surface. Though the test block can be oriented 
so that the ram will push against it at an angle, there is a possibility that there will not be enough 
contact made with the ram. It will also be difficult to derive an analysis that will prove that 
tangential force applied at an angle will be different from when it is being applied 
perpendicularly. Though the current test method might be enough to make a comparison between 
the different clamping systems including the existing ones, it will not be as in depth as we first 
liked it to be. We can however apply pressure from different parts of the face as long as the ram 
is pushing against the test block perpendicularly.  This may give a more detailed result to 
counteract the lack of capability to test the workpieces at an angle. Another problem and perhaps 
the biggest is that there is no scientific way to measure change over time of the different clamps. 
Since the changing of clamps will be operated by human workers, it is inevitable to have 
  41
variations between different operators. The students conducting this senior project do not have 
professional experience in workholding, so the qualitative analysis of the clamp design was 
conducted to the best ability to judge potential ease of changeover time. This will only serve as a 
guideline for Pratt & Whitney though. 
 
Possible Future Work/Direction 
Possible future work to extend this project would mainly include formulating further tests to 
address the open problems with the project listed above.  Different configurations of the test 
setup, likely with different equipment, would have to be devised to further test the clamps when 
applying force from a different direction rather than purely square and to the side.  Another 
obvious opportunity for extending this project would be to test more models of clamps, even 
using the existing test method.  Additionally, a new and even more practical test could be 
conducted where the clamps were put to the test in a real-world machining environment - making 
a part judging the clamps based on how well the part turned out due to the holding ability of the 
clamps.  This would require use of greater facility resources and better evaluation methods than 
are currently available or feasible to use. 
 
Facets of Project Implementation 
The major facets of implementation of the project were the acquisition and assembly of all the 
diverse components required for the test design. As previously stated, this was the most 
challenging part of the project but ultimately all pieces came together. 
 
Final Remarks 
It is the sincere hope of the students conducting this senior project that the testing, data, and 
recommendations of this report prove genuinely helpful to Pratt & Whitney, and that their ability 
to make a better-informed decision on a new clamp contributes to their further success. It was an 
honor to work for such a well-regarded company.   
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APPENDIX 
 
 
Gantt Chart 
 
This is the final version of the Gantt Chart for this senior project, with all tasks color coded green 
representing project completion. 
9/26/1210/16/1211/5/1211/25/1212/15/121/4/13 1/24/132/13/13 3/5/13 3/25/13
Talk with tech advisors
Visit the facility
Turn in project proposal
Conduct background research
Group Meeting 1
Progress Report 1
Group Meeting 2
Contact Tech advisors for material
Come up with a test method
Progress Report 2
Explore possible solutions
Class presentation
Progress Report 3
Gather Equipment
Run Tests
Analyze data
Compile report
Make poster
Final review of report
